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The Drosophila E-cadherin homolog, DE-cadherin, is expressed and required in all epithelial tissues throughout embryogenesis. Due to a
strong maternal component of DE-cadherin, its early function during embryogenesis has remained elusive. The expression of a dominant
negative DE-cadherin construct (UAS-DE-cadex) using maternally active driver lines allowed us to analyze the requirements for DE-cadherin
during this early phase of development. Maternally expressed DE-cadex result in phenotype with variable expressivity. Most severely
affected embryos have abnormalities in epithelialization of the blastoderm, resulting in loss of the blastodermal cells’ apico-basal polarity
and monolayered structure. Another phenotypic class forms a rather normal blastoderm, but shows abnormalities in proliferation and
morphogenetic movements during gastrulation and neurulation. Mitosis of the mesoderm occurs prematurely before invagination, and
proliferation in the ectoderm, normally a highly ordered process, occurs in a random pattern. Mitotic spindles of ectodermal cells, normally
aligned horizontally, frequently occurred vertically or at an oblique angle. This finding further supports recent findings indicating that, in the
wild-type ectoderm, the zonula adherens is required for the horizontal orientation of mitotic spindles. Proliferation defects in DE-cadex-
expressing embryos are accompanied by the loss of epithelial structure of ectoderm and neuroectoderm. These germ layers form irregular
double or triple layers of rounded cells that lack zonula adherens. In the multilayered neuroectoderm, epidermal precursors, neuroblasts and
ganglion mother cells occurred intermingled, attesting to the pivotal role of DE-cadherin in delamination and polarized division of
neuroblasts. By contrast, the overall number and spacing of neuroblasts was grossly normal, indicating that DE-cadherin-mediated adhesion
is less important for cell–cell interaction controlling the ratio of epidermal vs. neural progenitors.
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Introduction even physically linked to cadherins (Dumstrei et al., 2002;Cell adhesion molecules of the cadherin family play a
pivotal role during morphogenesis in the developing em-
bryo. Cadherins are required for the stability of epithelial
layers, as well as movements of epithelial cells, mesenchy-
mal cells and outgrowing neurites (Redies, 2000; Tepass,
1999; Tepass et al., 2000). The differential expression of
different cadherins allows for cell sorting, a process involved
in the setting up of boundaries and segregation of different
tissues. Because many receptor molecules are close to or0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: volkerh@mcdb.ucla.edu (V. Hartenstein).Hazan and Norton, 1998; Hoschuetzky et al., 1994), these
adhesion molecules have also been implicated in specific
cell–cell interactions governing cell fate and differentiation.
To gain insight into the role of E-cadherin during
morphogenesis, we followed an in vivo approach using
the Drosophila embryo as a model system. Drosophila
has two classical cadherins, DE-cadherin (encoded by the
gene shotgun; Tepass et al., 1996; Uemura et al., 1996), and
DN-cadherin (Iwai et al., 1997). Classical cadherins are
defined not only by possessing several characteristic cad-
herin repeats in their extracellular domain, but also binding
to the actin cytoskeleton via a highly conserved complex of
adapters, including h-catenin (Drosophila homolog Arma-
dillo; Peifer and Wieschaus, 1990), a-catenin (Imamura
et al., 1999; Oda et al., 1993), vinculin and a-actinin (Hazan
et al., 1997; Watabe-Uchida et al., 1998; Weiss et al., 1998).
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juxtamembrane region of E-cadherin and it functions as a
regulator of E-cadherin-mediated cell adhesion (reviews by
Anastasiadis and Reynolds, 2001; Peifer and Yap, 2003).
The catenin-mediated link to the cytoskeleton is gener-
ally required for the adhesive function of E-cadherin
(Nagafuchi and Takeichi, 1988) and most other cadherins.
However, it has been shown recently that the extracellular
and transmembrane domain of VE-cadherin and DE-cad-
herin is sufficient to provide ‘‘weak’’ adhesion in cultured
cells (Navarro et al., 1995; Oda and Tsukita, 1999). Fur-
thermore, Daniel and Reynolds (1997) showed that the
cadherin-mediated adhesion could be rapidly reduced by
increasing the tyrosine phosphorylation level of h-catenin.
When h-catenin is hyper-phosphorylated, it dissociates
from cadherin and a-catenin causing the Cadherin Catenin
Complex (CCC) to disassemble from the actin cytoskeleton.
Previous studies conducted by us and others have shown
that DE-cadherin is expressed and required for the formation
and maintenance of all Drosophila embryonic epithelia
(Tepass et al., 1996; Uemura et al., 1996), as well as
oogenesis (Godt and Tepass, 1998). Eliminating both the
maternal and zygotic shg arrests development as early as
during oogenesis. Germline clones, using weak or moderate
shg alleles, result in embryos that show severe defects in all
epithelia (Tepass et al., 1996). On the other hand, taking
away zygotic shg function and leaving the maternal copy of
the gene intact results in embryos that develop relatively
normal until after neurulation. It is during this time when the
epithelial defects consisting in the loss of apico-basal
polarity, cell dissociation and defective cell movement set
in. The maternal contribution of shg prohibited us from
analyzing the role of DE-cadherin during early morphoge-
netic events, including blastoderm formation, gastrulation
and early neurogenesis. Given its dynamic expression in the
blastoderm and neuroectoderm, one has to assume that DE-
cadherin plays a pivotal role during these stages. Of partic-
ular interest is the question of how far signaling events in
between adjacent cells, such as the Notch (N)-Delta (Dl)
signaling which specifies epidermoblasts, depend on DE-
cadherin-mediated adhesion. Both N and Dl have been
shown to be concentrated in the apical–lateral region of
the epithelial membrane where the zonula adherens is
located (Fehon et al., 1991; Kooh et al., 1993). It is possible
that the strength of DE-cadherin-mediated adhesion has an
effect on the way in which Dl and its receptor N are able to
interact. Thus, a decrease in DE-cadherin activity might
disrupt N–Dl interactions, in which case a neurogenic
phenotype (neural hyperplasia) would result.
We have made use of a transgenic approach to address
the question of DE-cadherin’s function in early embryogen-
esis. Several DE-cadherin constructs were expressed using
the Gal4/UAS system. The constructs include a full-length
shg gene (UAS-DE-cad5,9), a deletion construct eliminating
the extracellular domain (UAS-DE-cadint; Sanson et al.,
1996), a deletion construct eliminating the entire cytoplas-mic domain (UAS-DE-cadex; Dumstrei et al., 2003a) and a
deletion construct eliminating both extracellular and trans-
membrane domains (UAS-DE-cadcyt). We expressed these
constructs, using several different driver lines including
maternally expressed driver lines, heatshock-Gal4 and
daughterless-Gal4. The results indicate that DE-cadherin
plays an important role in blastoderm formation, gastrula-
tion and neurulation. In the blastoderm, both the anchoring
of nuclei to the membrane and cleavage furrow formation
are disrupted in embryos lacking DE-cadherin function.
During gastrulation, ventral furrow invagination and its
coordination with mitosis in mesoderm require DE-cad-
herin. Finally, DE-cadherin is essential for the epithelial
integrity in the neuroectoderm, the ordered delamination of
neuroblasts and the orientation of mitotic spindles in
dividing neuroectodermal cells.Material and methods
Fly stocks
Oregon R flies were used as the wild-type stock. The
following Gal4 driver lines and UAS constructs (Brand and
Perrimon, 1993) were used: daughterless-Gal4 (da-Gal4;
kindly provided by Dr. J. Campos-Ortega); heatshock-Gal4
(hs-Gal4), mata4-Gal4-VP16 (Hacker and Perrimon, 1998;
kindly provided by Dr. F. Schweisguth); nanos-Gal4,
NGT40 (Tracey et al., 2000; provided by Bloomington
Stock Center).
S2 cell culture and cell adhesion assay
S2 cells were cultured in Schneider’s medium supple-
mented with 10% fetal calf serum. Cells were transiently
transfected with either prmha-3-DE-cadherin or prmha-3-
DE-cadex using calcium phosphate precipitation as previ-
ously described (Nagafuchi et al., 1987; Invitrogen). Expres-
sion of the transgenes was induced with 0.7 mM CuSO4 after
24 h post-transfection. Following induction of the trans-
genes, cells were placed on a rotator at 30 rpm overnight and
checked for aggregation under an inverted microscope.
Embryo collection and fixation
Mata4-Gal4 virgin female flies were selected and crossed
to UAS-DE-cadex male flies. Eggs were collected on yeasted
apple juice agar plates at 29jC and 25jC for 6 h. Embryonic
stages are given according to Campos-Ortega and Harten-
stein (1997). Embryos were dechorionated and fixed in 4%
formaldehyde containing PEMS (100 mM PIPES, 2 mM
EGTA and 1mM MgSO4) and heptane in a 1:1 ratio.
Embryos labeled with anti-h-tubulin antibody were treated
with 10 AM taxol (Sigma) in PBS for 2 min to stabilize
microtubules before formaldehyde fixation (Foe et al.,
2000). Embryos were then devitellinized in methanol and
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the standard procedure (Ashburner, 1989). Embryos stained
with anti-Arm antibody were heat-fixed (Miller et al., 1989).
This method preserves the membrane association of Arm at
the adherens junction. For labeling with anti-DE-cadherin
antibody, embryos were fixed in 4% formaldehyde contain-
ing PBS with heptane in 1:1 ratio.
Embryo counting
Mata4-Gal4 virgin female flies were selected and crossed
to UAS-DE-cadex male flies. Eggs were collected on yeasted
apple juice agar plates at 29jC for 2 and 6 h, respectively.
Eggs were fixed according to a standard protocol (Ash-
burner, 1989). Fixed embryos were stained with an antibody
against Arm to label the epithelial membrane and Sytox
(Molecular Probes) to label nuclei. Embryos were observed
under the fluorescence microscope and staged according to
Campos-Ortega and Hartenstein (1997). The embryos were
categorized into two classes, the blastula and the post-
blastula. For each class, the ratio of embryos with normal
and abnormal morphology was determined.
Immunohistochemistry
Anti-Miranda antibody was used at 1:1000 (Shen et al.,
1997; kindly provided by Dr. Y.N. Jan). A monoclonal
antibody against Arm, which labels the zonula adherens
(Peifer et al., 1993; provided by the Developmental Studies
Hybridoma Bank), was used at 1:100. Anti-phospho-histone
antibody (Upstate Biotechnology), which labels dividing
cells, was used at 1:500. Anti-Crumbs which labels apical
membranes of ectodermal tissues (Tepass et al., 1990;
kindly provided by Dr. E. Knust) was used at 1:20. Anti-
h-tubulin antibody (Sigma) was used at 1:500. Anti-DE-
cadherin was used at 1:1000 (Dumstrei et al., 2003b).
Nuclei were stained with Sytox (Molecular Probes). Cy3
or FITC-conjugated anti-mouse, anti-rabbit and anti-rat Ig
antibodies were used at 1:250 (Jackson Laboratory). Con-
focal images were taken with a Biorad MRC1024ES mi-
croscope using Laser sharp version 3.2 software. Images
were analyzed using the ImageJ software.
In situ hybridization
Plasmid containing full-length cDNA of snail (Boulay
et al., 1987; kindly provided by Dr. S. Roth) was linearized
by digesting with HindIII. Digoxigenin-labeled anti-sense
RNA probe was prepared using T7 RNA polymerase
following the manufacturer’s instructions (Genius kit; Boeh-
ringer). Embryos were dechorionated and fixed in PBS
containing 5% formaldehyde and 50 mM EGTA and stored
in ethanol. In situ hybridization on whole mount embryos
was carried out according to the protocol by Tautz and
Pfeifle (1989). Embryos were dehydrated in ethanol and
embedded in Epon.UAS-DE-cadherin constructs
The UAS-DE-cadcyt construct was made by cloning the
cytoplasmic domain of DE-cadherin cDNA into pUAS
vector (Brand and Perrimon, 1993). The UAS-DE-cadex
construct was made by cloning the extracellular and trans-
membrane domains of DE-cadherin into pUAS vector.
Transformed fly lines carrying UAS-DE-cadex and UAS-
DE-cadcyt were made by germline transformation according
to standard methods (Spradling, 1986). In experiments
involving UAS-DE-cadex construct, a strain carrying two
copies of the transgene on X chromosome were used. In
addition to these constructs, we used the full-length UAS-
DE-cad5,9 stock and dominant negativeUAS-DE-cadint stock
(Sanson et al., 1996).
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Role of DE-cadherin constructs in adhesion and wingless
signaling
Results by Sanson et al. (1996) have shown that mis-
expression of full-length DE-cadherin interferes with Wing-
less (Wg) signaling due to the excess amount of DE-
cadherin in the membrane that sequesters Armadillo
(Arm). Likewise, we observed a wg loss-of-function phe-
notype in hs-Gal4 and da-Gal4 driven UAS-DE-cad5,9,
UAS-DE-cadint and UAS-DE-cadcyt embryos (data not
shown). Although Northern blot showed that the hs-Gal4-
driven UAS-DE-cadex is expressed at a similar level as
UAS-DE-cad5,9 (data not shown), ectopic expression of the
UAS-DE-cadex does not have any ‘‘side effect’’ on Wg
signaling (Fig. 1A). Antibody staining and Western blots
both indicated that DE-cadex is ectopically expressed at
high levels in the heat shock-induced hs-Gal4/UAS-DE-
cadex embryos and larvae (data not shown). With regards to
the interaction with endogenous DE-cadherin, DE-cadint
acts as a dominant negative when it is expressed in a shg
heterozygous background (Sanson et al., 1996). This effect
can be explained by the same sequestering effect on Arm,
which is responsible for the wg phenotype. With Arm
bound to the nonfunctional DE-cadint, the link of endoge-
nous DE-cadherin to actin cytoskeleton is reduced, causing
a shg loss-of-function phenotype.
We expressed DE-cadex to address the question of
whether a DE-cadherin molecule, which is unable to bind
to the actin cytoskeleton, can provide adhesion. For the in
vitro cell aggregation assay, we used the Drosophila S2 cell
line which expresses minimum amounts of endogenous DE-
cadherin, Arm and a-catenin, and exhibits weak adhesion
(Oda et al., 1994). Expression of DE-cadex resulted in
aggregation of S2 cells (Fig. 2C) despite its inability to
recruit Arm to the membrane (Figs. 2F, G). This suggests
that similar to the result shown by Oda and Tsukita (1999),
the extracellular domain of DE-cadherin is able to provide
Fig. 1. DE-cadherin constructs used in this study. (A) Table indicating
whether the constructs (specified in first and second column) cause wg loss-
of-function phenotype and/or shg loss-of-function phenotype. (B–E)
Driving DE-cadex with the da-Gal4 driver causes shg phenotype of variable
expressivity (C: mild, head defects only; D: moderate, head defects and
ventral holes; E: strong; severe reduction of entire epidermis; B: wild-type
cuticle, arrow points at head skeleton). Note absence of wingless phenotype
(normal width of denticle bands) in C–E.
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cadex and the inability of Arm being recruited to the
membrane, these two proteins remain in the cytoplasm and
possibly co-localize in the transport vesicles (Figs. 2F, G). In
vivo, DE-cadex acts as a strong dominant negative when it is
expressed in the background of endogenous DE-cadherin.
Cuticle preparations of embryos in which DE-cadex is driven
by hs-Gal4 or da-Gal4 show a range of loss- or reduction-of-
function of shg phenotype in cuticle preparations. In about
10% the phenotype corresponds to that one of strong (classes
III and IV) shg loss-of-function alleles (Figs. 1C–E; for
classification of shg alleles, see Tepass et al., 1996). In
accordance with this dominant negative effect, DE-cadex
expression in embryos homozygous for a shg loss-of-func-
tion allele does not rescue the shg phenotype. Furthermore,
the expression of this construct has an enhanced effect in a
shg heterozygous background. Although shgR64/+ heterozy-
gotes are completely normal, ectopic expression of DE-cadex
in this background causes a roughly 2-fold increase in theFig. 2. Expression of DE-cadherin constructs in S2 cells. (A) Uninduced S2
cells transfected with the full-length DE-cadherin cDNA. (B) Large cell
aggregates form after induction of cells transfected with the full-length
cDNA. (C) Aggregates also form after induction of cells transfected with
DE-cadex cDNA. (D, E) Full-length DE-cadherin-transfected S2 cells
double labeled with antibodies against Arm (D) and the extracellular
domain of DE-cadherin (E). Full-length DE-cadherin stabilizes a major part
of the Arm pool at the membrane where it co-localizes with DE-cadherin
(D, arrows). Full-length DE-cadherin is present in cytoplasm, indicating an
inefficient transport of the protein (E, arrowheads). (F, G) DE-cadex
transfected S2 cells double labeled with antibodies against Arm (F) and DE-
cadherin (G). The DE-cadex construct is present in the cytoplasm (G,
arrowheads) and at the membrane (G, arrows) of the transfected cell; Arm is
not stabilized at the membrane (F).
Table 1
Percentage of embryos showing defects at different developmental stages
Total Blastula Stages 6–10
Expected percentage
of WT embryos
50%
Actual percentage
of WT embryos
49%
(119/243)
7%
(18/243)
42%
(101/243)
Expected percentage
of mutant embryos
50%
Actual percentage of
mutant embryos
51%
(124/243)
19%
(44/243)
32%
(80/243)
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(data not shown).
Expression of UAS-DE-cadex in vivo disrupts DE-cadherin
function at variable stages
Reduction or loss of DE-cadherin results in gradual
dissociation followed by apoptotic cell death in epithelial
sheets (Tepass et al., 1996). In embryos that are zygotic null
but have received one maternal copy of shg, this phenotype
manifests itself only in morphogenetically active epithelia
that undergo major cell movements. Epithelia that are less
active, such as the dorsal epidermal ectoderm, survive
embryogenesis virtually unchanged with the dose of shg
they are provided maternally. Driving the dominant negative
UAS-DE-cadex using a zygotic driver line, such as da-Gal4
or sc-Gal4, also caused a shg loss-of-function phenotype at
relatively late stages. However, expression of the dominant
negative construct using maternal Gal4 drivers, which have
sufficient Gal4 levels already at the syncytial blastoderm
stage, allowed us to elucidate additional early requirements
of DE-cadherin. Mata4-Gal4-VP16 (mat-Gal4) activates
expression during the syncytial blastoderm stage, a period
when zygotic gene expression begins (data not shown;
Hunter and Wieschaus, 2000). To ensure the phenotypes
we saw were due to the expression of UAS-DE-cadex, we
checked the embryos of mat-Gal4 and UAS-DE-cadex stocks
and neither of these stocks showed phenotypic defects. We
also expressed the UAS-DE-cadex using another maternally
expressed driver line, nanos-Gal4, and detected the same
phenotypes as when using the mat-Gal4 driver (data not
shown).
Embryos 1–3 h of age, derived from female mat-Gal4
flies crossed to male UAS-DE-cadex flies (mat-Gal4/UAS-
DE-cadex), appeared at the syncytial or cellular blastoderm
stage. Only 50% of the progeny from this cross were
expected to show a phenotype because both the Gal4 and
UAS constructs are on the X chromosome, and therefore
the male embryos carry no UAS-DE-cadex. Out of 90
embryos, 11 (12%) showed defects in nuclear localization
and cellularization, as further detailed in the following
section. The remainder formed a structurally normal blas-
toderm. This finding implies that only in a minor fraction
of cases does the dominant negative effect manifests itself
shortly after driving the construct, that is, at the blastoderm
stage. In these cases, following defects in blastoderm
cellularization, further development is probably halted. In
the remainder of embryos expressing DE-cadex, the blas-
toderm appears normal, and phenotypes become manifest
during gastrulation and neurulation. Thus, among the
embryos collected for 6 h, the number of those showing
abnormalities amounted to 51%. Out of 124 embryos
showing an abnormal morphology (as detected by anti-
Arm and Sytox staining), 44 (19%) were at the blastoderm
stage and 80 (32%) were at stages 6–10 (Table 1). Among
the wild-type embryos of the cross, only about 7% were atthe blastoderm stage, and 42% were between stages 6 and
10. This means that the expressivity of the dominant
negative mutant phenotype is variable, ranging from early
and severe cellularization defects with subsequent devel-
opmental arrest to later effects manifested during gastrula-
tion and neurulation.
Disrupting DE-cadherin function interferes with blastoderm
formation
In normal cleavage, nuclei undergo 13 nearly synchro-
nous divisions. During cycles 9–13, nuclei migrate towards
the egg surface where they are anchored to the cytoskeleton
of the cortical cytoplasm. At this stage, the embryo forms
the syncytial blastoderm (Fig. 3A). During cell cycle 14,
nuclei become surrounded by membranes (Figs. 3B–D).
Our results indicate that both nuclear anchoring and blasto-
derm cell membrane formation require DE-cadherin. In
those mat-Gal4/UAS-DE-cadex embryos which exhibited
severe blastoderm defects, nuclei were distributed unevenly,
often leaving gaps at the surface (Figs. 3G–I). This nuclear
mislocalization already started before the stage when cellu-
larization normally occurs. Thus, we found numerous mat-
Gal4/UAS-DE-cadex embryos in cell cycles 12 and 13 in
which nuclei started to show irregularities in horizontal
patterning and in their distance from the egg membrane
(Fig. 3G). This phenotype increased in severity and became
compounded by defective cellularization during cell cycle
14. Labeling with anti-DE-cadherin (Fig. 3H), anti-Arm
(Fig. 3I) and anti-Actin antibodies (Fig. 3J) demonstrated
that cell membranes formed irregularly and lacked com-
pletely around many nuclei. Because of the severe blasto-
derm phenotype, we predict that embryos of this class fail to
develop further.
The defects in nuclear positioning and blastoderm cellula-
rization in mat-Gal4/UAS-DE-cadex embryos are correlated
with (and probably caused by) the abnormal DE-cadherin
localization in the blastoderm membrane. In wild-type pre-
blastoderm embryos, DE-cadherin and its cytoplasmic inter-
acting proteins, including Arm and a-catenin, form the CCC
and are expressed in a highly regular, reticulate pattern
surrounding blastoderm nuclei (Figs. 3A–E; Hunter and
Wieschaus, 2000; McCartney et al., 2001). During cellulari-
zation, CCC proteins are concentrated in the advancing edge
of the membrane, the so-called furrow canal (Figs. 3C–E).
Fig. 3. Disrupting DE-cadherin function blocks normal cellularization. Blastoderm stage wild-type embryos (A–F) and embryos expressing UAS-DE-cadex
under the control of mat-Gal4 (G–J). Embryos were collected for 30 min and aged for 90 min (in A, G) or 120 min (all other panels). Embryos were labeled
with Sytox (green, labels nuclei), anti-DE-cadherin (red; A–D, G, H), anti-Arm (red; E, I) and anti-Actin (red; F, J). Panels show surface views (A, F, J) or
optical length sections (B–E, G–I) of the blastoderm. In wild-type syncytial blastoderm (A), DE-cadherin is expressed in reticular pattern around nuclei
(arrowheads in A; see inset for magnified view). Nuclei form a regular monolayer underneath the cell membrane. During cellularization (sequence B–D shows
three time points from early to late in the cellularization process), DE-cadherin is concentrated apically, as well as in the advancing cleavage furrow
(arrowheads in C and D). When cellularization is completed, cells form a regular epithelium with apically concentrated actin ring (F). Adherens junctions,
visualized by anti-Arm staining in E, are concentrated apically (aj) and basally (the so-called basal junction; bj). In mat-Gal4/UAS-DE-cadex embryos,
expression of DE-cadherin (G, H) and Arm (I) is patchy. Blastoderm nuclei are irregular in size and shape, pack densely and do not form a monolayer (arrows
in G indicate nuclei which have become displaced from the cytocortex already in the syncytial blastoderm). At the time when cellularization should occur,
cleavage furrows fail to form at many locations of the embryo and nuclei are arranged in multiple layers (H–J). Note that the magnification in G is higher than
in the wild-type embryo of corresponding stage in A. Scale bars in both panels correspond to 10 Am.
F. Wang et al. / Developmental Biology 270 (2004) 350–363 355Here, they form a specialized adherens junctional complex,
the basal junction (Hunter and Wieschaus, 2000; McCartney
et al., 2001; Thomas andWilliams, 1999). Towards the end of
cellularization, a second concentration of actin and CCC
proteins emerges near the surface of the blastoderm, forming
the apical adherens junction (marked by anti-Arm in Fig. 3E).
Inmat-Gal4/UAS-DE-cadex embryos, this dynamic pattern of
DE-cadherin and Arm expression is abolished. Dense pla-
ques, positive for anti-DE-cadherin and anti-Arm, alternate
with regions devoid of any labeling (Figs. 3G–I). We
speculate that the expression of DE-cadex causes the misloc-
alization of the endogenous CCC proteins. As a result, the
cleavage furrows fail to form and the nuclei fall off from the
cytocortex.
Disruption of DE-cadherin disrupts the timing and
orientation of mitosis
Whereas mat-Gal4/UAS-DE-cadex embryos with severe
blastoderm defects failed to develop any further, there was a
second class of embryos in which phenotypic abnormalitiesbecame apparent after the blastoderm stage. Using markers
that label dividing cells, we detected irregular pattern of
mitosis in embryos as early as stage 6.
In wild type, the first 13 rounds of mitosis proceed nearly
synchronously during the syncytial blastoderm stage. Mito-
sis 14–17 take place during and after gastrulation and occur
in different cell populations of the embryo at different times,
but the spatiotemporal pattern is almost invariant (‘‘mitotic
domains’’; Foe, 1989). This pattern was highly abnormal in
embryos expressing DE-cadex (Fig. 4). In wild-type embry-
os, mitosis in the future mesoderm (ms, domain #10) and the
central procephalic neuroectoderm (Pc, domain B) is post-
poned until after these regions have invaginated (Fig. 4A).
As shown in recent studies by several groups (Grosshans
and Wieschaus, 2000; Mata et al., 2000; Seher and Leptin,
2000), this delay, affected by the Cdc25 inhibitor Tribbles,
is important for an ordered mesoderm invagination to take
place. In DE-cadex-expressing embryos, similar to the trib-
bles mutants, domains #10 and B are the first ones to divide
(Fig. 4B). Furthermore, in wild-type embryos, the dorsal
ectoderm (De, domain #11) divides nearly synchronously
Fig. 4. Disruption of DE-cadherin alters the timing of cell division and orientation of mitotic spindles. Wild-type embryos (A, C, E, G, H) and embryos
expressing DE-cadex under the control of mat-Gal4 (B, D, F, I) stained with anti-phosphorylated histone (A–F) and Sytox/anti-tubulin (G–I). (A, B) Stage 6
embryo, lateral view. The germ band begins to elongate. In wild-type (A), small ectodermal domains in the head [Pa; anterior protocerebral ectoderm,
corresponding to Foe’s (1989) mitotic domain #1] and telson (mitotic domain #4) divide, although mitosis is suppressed in invaginating mesoderm (arrows).
In mat-Gal4/UAS-DE-cadex (B), mitosis occurs prematurely in mesoderm (ms; mitotic domain #10) and central protocerebral ectoderm (Pc; mitotic domain
B). (C–F) Stage 9, ventrolateral view. Superficial focal plane (C, D) and deep focal plane (E, F). Arrows point at the dorsal border of the ectoderm,
arrowheads indicate the ventral midline. In wild-type (C, E), the dorsal ectoderm (De) is past its first post-blastoderm division, and a lateral band at the lateral
boundary of the ventral neuroectoderm (Vn) is in mitosis. More ventrally, only very few cells divide. The labeled line at the ventral midline represents the
mesectoderm. In mat-Gal4/UAS-DE-cadex (D, F), mitotic cells are relatively evenly distributed in the dorsal and ventral ectoderm. (G–I) Stage 9, confocal
sections at ventral surface (G) and through posterior pole (H, I). In wild-type, superficially located epidermal ectodermal cells divide with horizontal spindle
(arrows in G), whereas deep neuroblasts have a perpendicular spindle (arrowhead in H). In mat-Gal4/UAS-DE-cadex, mitotic spindles are oriented randomly at
all depths (I, arrows). Other abbreviations: cf, cephalic furrow.
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followed by division of a lateral band of the ventral neuro-
ectoderm (shown in Fig. 4C). Mitosis in most of the ventral
neuroectoderm is more protected, with small, segmentally
reiterated groups of cells dividing at any given time during a
60- to 90-min interval (Hartenstein et al., 1994). In DE-
cadex-expressing embryos, mitosis of the dorsal ectoderm is
desynchronized compared to wild type since only a fraction
of irregularly distributed cells are labeled by anti-phosphor-
ylated histone antibody at any given moment (Fig. 4D). By
contrast, within the ventral ectoderm, the average cell cycle
length seems to be reduced since at one stage when only fewnuclei are labeled with anti-phosphohistone in wild type,
many cells are labeled in DE-cadex embryos (Fig. 4F).
Besides timing, the spindle orientation of dividing neuro-
ectodermal cells was also affected by activation of DE-
cadex. It has been recently shown that the zonula adherens
acts as a mitotic spindle ‘‘organizer’’ that is required for the
horizontal orientation of mitotic spindles. In embryos where
the zonula adherens is disrupted by expression of RNA
interference against crumbs, neuroectodermal cells divide
with a vertical spindle (Lu et al., 2001). Similar abnormal-
ities in spindle orientation were evident in the neuroecto-
derm of stages 8–9 mat-Gal4/UAS-DE-cadex embryos
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epidermal precursors) frequently exhibited vertical mitotic
spindles. In addition, spindle orientation in neuroblasts
(which normally divide vertically) was randomized, result-
ing in neurons and ganglion mother cells covering neuro-
blasts on all sides (see below; Fig. 6D).
Role of DE-cadherin in gastrulation
After the formation of the cellular blastoderm, invagina-
tion and delamination movements generate the three germ
layers and neuroblasts. Initially, the blastodermal cells at the
ventral side of the embryo invaginate and become meso-
derm; adjacent invaginations at the poles form the anterior
and posterior endoderm, respectively. During early gastru-Fig. 5. Disruption of DE-cadherin affects gastrulation. Panels of the left column sh
mat-Gal4/UAS-DE-cadex embryos. In A–F and I–J, expression of the mesoderm/
anti-Arm (red) labels zonula adherens and Sytox labels nuclei (green). (A, B) Ear
phase of wild-type gastrulation, mesoderm remains an epithelial layer that invagi
mesoderm loses its epithelial structure and presses outward (arrow in D). (E, F
respectively. (G, H) Mid-stage 7, view of posterior pole of embryos during mesode
an apical zonula adherens (arrows). In mat-Gal4/UAS-DE-cad ex (H), mesodermal
posterior pole of embryos after closure of ventral furrow. In wild type, snail negati
ventral midline. In mat-Gal4/UAS-DE-cadex (H), part of the mesoderm is still in c
cf, cephalic furrow; ms, mesoderm; pe, posterior endoderm; Vn, ventral neuroectlation, these cells remain as an epithelial groove, called the
ventral furrow. Subsequently, the ventral furrow converts
into a mesenchyme that eventually flattens to form the
mesodermal layer characteristic of the extended germband
stage. At this stage, neuroblasts start to arise from the
ventral and head ectoderm by delamination.
Maternally expressed DE-cadex causes severe defects in
about one half of mat-Gal4/UAS-DE-cadex embryos fixed at
gastrulation stage. In this group of embryos, the ventral
furrow does not invaginate, or invaginates only partially
(Figs. 5B, D, F). Cells prematurely lose their monolayered
epithelial character and form irregular double or triple
layers of rounded cells that lack regular zonula adherens,
as attested to by their deficient Arm expression (Fig. 5H).
An interesting phenotype seen in some of these gastrulatingow gastrulating wild-type embryos; right panels are corresponding views of
endoderm marker snail was visualized by in situ hybridization. In G and H,
ly stage 7, lateral view. (C, D) Early stage 7, ventral view. During the early
nates as a ventral furrow (arrow in C). In mat-Gal4/UAS-DE-cadex (B, D),
) Higher magnification of posterior pole of embryos shown in C and D,
rm invagination. In wild type (G), mesodermal cells are still epithelial with
cells form mesenchyme that lacks zonula adherens. (I, J) Stage 9, view of
ve mesectodermal cells (arrowheads) cover the labeled mesoderm along the
ontact with the surface (arrow). Other abbreviations: ae, anterior endoderm;
oderm.
Fig. 6. Role of DE-cadherin in neurulation. Panels of the left column (A, C,
E, G) show confocal sections of early stage 10 wild-type embryos, right
panels depict corresponding views of mat-Gal4/UAS-DE-cadex embryos.
(A–D) Surface view (A, B) and confocal cross section at posterior pole (C,
D) of neuroectoderm labeled with anti-Miranda. In wild type (A, C), the
Miranda antigen is expressed at the basal surface of dividing neuroblasts
(nb) from where it gets sequestered into ganglion mother cells (gmc).
Neuroblasts form three rows (panel C: l, lateral row; i, intermediate row; m,
medial row) inside the embryo. Apically, they are covered by (unlabeled)
epidermis (ep). In mat-Gal4/UAS-DE-cad ex embryos (B, D), Miranda is
expressed in rather irregularly distributed neuroblasts, which intermingle
with epidermal precursors both deeply and superficially. In many cases,
Miranda is expressed around the entire neuroblast (arrowheads in D)
instead of being polarized as in wild type. In other neuroblasts, Miranda is
polarized, but Miranda-positive caps face into abnormal directions (arrows
in D). (E, F) Confocal cross section at posterior pole of neuroectoderm
labeled with the apical marker anti-Crumbs. In wild type (E), Crumbs is
expressed apically in epidermal precursors and is lost in delaminated
neuroblasts. In mat-Gal4/UAS-DE-cadex, epidermal precursors lose their
strong polarized Crumbs expression and form a multilayered mass (ep/nb)
together with neuroblasts. Crumbs is maintained apically in dorsal
epidermal precursors (dep). (G, H) Confocal parasagittal section of
embryos labeled with anti-Arm (red) and anti-Miranda (green). Miranda-
positive neuroblasts have delaminated in wild type (G) to an internal
position; they are located preferentially at the surface in mat-Gal4/UAS-DE-
cad ex (H). Note that due to the heat fixation used to preserve membrane-
bound Arm, the polarized localization of Miranda is lost. Other
abbreviations: ml, ventral midline; ms, mesoderm.
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pole, consisted of an ‘‘exogastrulation’’-like behavior of
mesodermal and/or posterior endodermal cells (Figs. 5D, F).
Exogastrulation, defined in Xenopus (Holtfreter, 1933;
Keller and Winklbauer, 1992), refers to mesoderm budding
out of the embryo, as opposed to moving inside. The same
movement abnormality is seen in mat-Gal4/UAS-DE-cadex
embryos.
In many mat-Gal4/UAS-DE-cadex embryos fixed at the
gastrulation stage, mesodermal cells manage to translocate
inside the embryo. However, the ventral furrow never fully
closes, leaving wide stretches of mesoderm exposed at the
ventral surface (Fig. 6B). By examining fixed embryos, we
could not distinguish whether this phenotype represents a
distinct class or is merely the later stage of embryos
displaying an exogastrulation phenotype.
DE-cadherin is required for the integrity of the
neuroectoderm and ordered neuroblast delamination
In the wild-type embryo, the first populations of neuro-
blasts (SI and SII neuroblasts) delaminate from the ventral
neuroectoderm shortly after gastrulation (Doe, 1992; Har-
tenstein et al., 1984, 1987) and form three regular columns
of cells sandwiched in between the ectoderm and mesoderm
(Figs. 6A, C, G). While delaminating, neuroblasts lose their
epithelial structure, visible by the disappearance of apical
cell markers such as Crumbs; epidermal precursors that stay
at the surface maintain their epithelial structure (Fig. 6E).
Neuroblasts undergo their first division immediately after
delamination, whereas the non-delaminating epidermal pre-
cursors divide before delamination (Hartenstein et al.,
1994). Epidermal precursors divide symmetrically with a
horizontal mitotic spindle (i.e., parallel to the embryonic
surface; see Figs. 4G, H). The neuroblasts divide asymmet-
rically in a vertical orientation resulting in a large daughter
cell apically (towards the ectoderm) and a small ganglion
mother cell basally. Recent findings have uncovered that
several proteins localized asymmetrically in the neuroecto-
derm play an important role in spindle orientation. One of
the early asymmetrically expressed protein is Bazooka,
which is localized apically in the neuroectoderm and is
carried interiorly by delaminating neuroblasts (for review,
see Bilder, 2001; Doe and Bowerman, 2001). In neuroblasts,
Bazooka is required to recruit Inscuteable complex proteins
to the apical side and to orient the spindle vertically, thereby
controlling the asymmetric distribution of intrinsic fate
determinants, such as Miranda and Numb. These proteins
are trapped at the basal surface in neuroblasts and then
channeled into the ganglion mother cell (for review, see Jan
and Jan, 2001; Figs. 6A, C).
In the mat-Gal4/UAS-DE-cadex embryos which were
fixed at the time when neurulation begins, neuroblast
delamination does not occur. In the mutants, neuroblasts
intermingled with the epidermal precursors, forming irreg-
ular multilayered non-epithelial cells in which neuroblasts
Fig. 7. Neuroblast pattern in wild type (A) and mat-Gal4/UAS-DE-cadex embryos (B, C). All three panels show ventral views of whole mount in situ
preparations of stage 10 embryos incubated with a snail cDNA probe, which at this stage labels neuroblasts. Note the regular pattern of three columns of
neuroblasts on either side of the midline in wild type (A). Neuroblasts are distributed irregularly in mat-Gal4/UAS-DE-cadex embryos, but numerically fall
within a close range (+10%) of wild type.
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severe epithelial defects are more pronounced in the neuro-
ectoderm; polarity, as reflected in the apical expression of
Crumbs and Arm, is maintained in the dorsal ectoderm of
most embryos that show severe defects in the ventral
neuroectoderm (Fig. 6F). In the neuroectoderm, the polarity
of neuroblasts and the orientation of their mitotic spindles
are randomized. Miranda expression is still polarized, but
can be found facing in any direction, including apical (i.e,
embryo surface; Fig. 6D). As a result, the position at which
ganglion mother cells are ‘‘delivered’’ is variable. Many
ganglion mother cells are formed at the surface of the
embryo.
The determination of neuroblasts and epidermal precur-
sors takes place shortly before neuroblast delamination and
involves N/Dl signaling. Given that both proteins are
reportedly concentrated apically in the epithelial cells
(Fehon et al., 1991; Kooh et al., 1993), we wondered
whether normal CCC structure is required for N/Dl signal-
ing. If this was the case, one might expect failure of the Dl
signal to pass to the N receptor and an overproduction of
neuroblasts would occur. This, however, did not appear to
be the case. The number and spacing of neuroblasts,
visualized by Anti-Miranda antibody (Fig. 6B) and snail
RNA in situ (Fig. 7), were grossly normal or even
decreased.Discussion
Our results indicate that DE-cadherin plays a crucial role
during blastoderm formation, gastrulation and neurulation.
Thus, in the most severely abnormal class of embryos
expressing DE-cadex under the control of the maternal driver
line, an epithelial blastoderm is absent. Nuclei are of
variable size, packed densely and forming an irregular
multilayer. Less severely affected embryos undergo cellula-
rization, but show dissociation of nascent mesodermal cells
accompanied by premature mitosis and highly disorganized
internalization of the mesoderm. Similar defects becomeapparent in the neuroectoderm, where neuroblasts fail to
delaminate from the surface, and both neuroblasts and
epidermal precursors show severe abnormalities in the
timing and spindle orientation of mitosis.
A role of DE-cadherin in the syncytial blastoderm
It has been shown that DE-cadherin and its cytoplasmic
interacting proteins (Arm, a-catenin and APC2) form the
CCC and are expressed in the blastoderm before and during
the phase when it undergoes cellularization (Hunter and
Wieschaus, 2000; McCartney et al., 2001). This expression
pattern correlates with the dynamic nuclear cleavage-depen-
dent architecture of the cortical cytoskeleton. Mutant em-
bryos of armxp33 show defects not only in the epithelial
organization after cellularization, but also in nuclei posi-
tioning during the syncytial stage (Cox et al., 1996; McCart-
ney et al., 2001). Furthermore, it has been suggested that
APC2 as well as Arm are both involved in anchoring
microtubules to establish a link via a-catenin to actin in a
syncytium (McCartney et al., 2001). Mutations in APC2 or
arm resulted in nuclear loss from the syncytial blastoderm
cortex. This phenotype closely resembles the earliest phe-
notype resulting from mat-Gal4 expressing UAS-DE-cadex
described in this paper. We therefore hypothesize that
mitotic spindles are tethered to the cortical actin reticulum
via APC2, a-catenin and Arm, as proposed by McCartney
et al. (2001); in turn, the actin reticulum is anchored to the
apical membrane by the CCC.
The DE-cadex construct utilized in this paper acts as a
dominant negative because it competes with endogenous
DE-cadherin, decreases the overall number of DE-cadherin
molecules linked to Arm and thereby weakens the link
between DE-cadherin and the microfilaments. This mecha-
nism requires adhesion between neighboring cells, and
therefore does not explain the abnormal distribution of
endogenous DE-cadherin that we observe at the syncytial
blastoderm stage. It has been shown that E-cadherin mol-
ecules cis-dimerize in a Ca2+-dependent manner and there-
by form molecular clusters that interact with Arm protein
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1998; Fukata and Kaibuchi, 2001). We speculate that DE-
cadex put into the syncytial membrane interacts with en-
dogenous DE-cadherin and forms adhesion protein clusters
with a reduced ability to bind to Arm. If one assumes that
for the proper reticulum-like localization of both CCC and
microfilaments, a strong link between these elements is
required, one can expect that a reduction in the strength of
this linkage will result in abnormal localization of both
endogenous DE-cadherin and DE-cadex.
DE-cadherin is required during gastrulation
Gastrulation involves morphogenetic movements, typi-
cally a combination of invagination, ingression and delam-
ination in which part of the blastoderm is internalized to
form the endoderm and mesoderm. Generally speaking,
each of these movements is driven by changes in the
gastrulating cells’ cytoskeleton and adhesiveness. Our find-
ings indicate that expression of DE-cadherin is positively
required during the initial phase of gastrulation, that is,
invagination of the ventral furrow. Formation of the ventral
furrow is driven by apical constriction of the future meso-
dermal cells, which remain epithelial during this phase
(Leptin, 1995; Oda and Tsukita, 2001). Shortly thereafter,
the mesoderm undergoes one synchronous division, accom-
panied by an epithelial–mesenchymal transition. It is dur-
ing this second phase of gastrulation that DE-cadherin
gradually disappears from the mesodermal cells, and DN-
cadherin gene transcription is turned on with the protein
product not translated until a later stage (Oda et al., 1998).
Expression of DE-cadex by mat-Gal4 resulted in premature
mesenchymalization of the presumptive mesoderm before
the forming of ventral furrow. As a result, internalization of
mesodermal cells was delayed and often failed altogether,
resulting in an exogastrula-like phenotype. Exogastrulation
also results from the depletion of the maternally expressed
classical cadherin XmN-cadherin in Xenopus (Hojyo et al.,
1998). Besides invagination, cells of gastrulating vertebrate
embryo undergo large-scale convergent-extension move-
ments, which result in a longitudinal stretching of the
ectoderm and mesoderm (Keller and Winklbauer, 1992).
These movements also depend on normal expression of
classical cadherins, such as E-cadherin in Xenopus (Broders
and Thiery, 1995).
An interesting aspect of the mat-Gal4/UAS-DE-cadex
phenotype during gastrulation is the premature mitosis of
mesoderm cells. In normal development, mesoderm mitosis
is postponed until after the ventral furrow has formed.
Recent studies have uncovered part of the molecular
mechanism responsible for this mitotic delay. In Drosoph-
ila, the transition from G2 into mitosis is driven by high
levels of the Cdc25 homolog, String (Stg; Edgar and
O’Farrell, 1989). In most mitotic domains of the embryo,
stg expression in a given cell is immediately followed by
its entry into mitosis. The mesoderm, as well as part of thehead neuroectoderm, form the exception. In the ventral
mesoderm anlage, Stg appears at an early stage, before
onset of gastrulation movements; yet, mitosis occurs con-
siderably later. One of the molecules that is responsible for
the mitotic delay is a cytoplasm serine kinase homolog
encoded by the gene tribbles (trb; Grosshans and Wie-
schaus, 2000; Mata et al., 2000; Seher and Leptin, 2000).
Mutation of this gene results in a mitotic phenotype very
similar to that one seen in mat-Gal4/UAS-DE-cadex em-
bryos in that both mesoderm and head neuroectoderm
divide prematurely. In the case of trb, this abnormal mitotic
behavior is accompanied by a delay in mesoderm internal-
ization, although eventually, all mesoderm cells make it
inside and continue to develop normally. In Saccharomyces
cerevisiae, a link between the cytoskeletal arrangement and
the timing of mitosis has been established. It has been
shown that a cell-cycle inhibitory kinase, Swe1 phosphor-
ylates and inactivates Cdc28 to delay mitosis. Onset of
mitosis requires activation of the kinase, Hsl1 to suppress
Swe1. It has been shown that the Hsl1’s activity depends
on its physical association to the cytoskeletal septins
(Barral et al., 1999). Since Trb shares sequence homology
with Hsl1 in its kinase domain, Grosshans and Wieschaus
(2000) postulated that Trb may have a similar function in
Drosophila as Hsl1has in yeast, which is to coordinate the
timing of morphogenesis and the cell cycle. Given the
phenotypic similarity in trb mutant and mat-Gal4/UAS-DE-
cadex embryos, it is tempting to speculate that DE-cad-
herin-mediated adhesion, which is required for morphogen-
esis of the mesoderm, also regulates Tribbles activity,
thereby affecting the timing of mitosis in the mesoderm.
The role of DE-cadherin during neurulation
Neurulation in Drosophila is a morphogenetic movement
by which individual neural progenitor cells, called neuro-
blasts, delaminate from the neuroectoderm. The neuroecto-
derm, though patterned in a positional sense, is still a mixed
population of cells. Only some of these cells delaminate as
neuroblasts, whereas others stay at the surface of the embryo
and develop as epidermal progenitors. Cell–cell interactions
mediated by the Notch signaling pathway take place within
the neuroectoderm and define the number and pattern of
neuroblasts (reviewed in Campos-Ortega, 1993). Before
delamination, presumptive neuroblasts are connected to
their neighbors by apical zonula adherens containing DE-
cadherin (Oda et al., 1994). These junctions are lost during
delamination; at the same time, new contacts are made
between neuroectodermal cells to close the gaps left behind
by the neuroblasts. It seems plausible that a dynamic
regulation of DE-cadherin-mediated adhesion between neu-
roectodermal cells should be essential for delamination and
subsequent ‘‘resealing’’ of the neuroectoderm to occur.
Accordingly, we observe severe defects in neurulation in
mat-Gal4/UAS-DE-cadex embryos. The neuroectoderm in
these mutants forms a non-epithelial multilayer of mixed
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the neuroectoderm in mat-Gal4/UAS-DE-cadex embryos is
likely the result of a diminished number and size of zonula
adherens. As neuroblasts start to delaminate and epidermal
precursors need to reform contacts among each other, they
fail to do so in the mutant. This leaves many neuroblasts
exposed at the surface. At the same time, a generally
increased motility among neuroectodermal cells causes an
unordered mixing of neuroblasts and epidermoblasts. A
requirement for cadherin-mediated adhesion has also been
shown for neurulation in vertebrates. Expression of domi-
nant negative RNA for N-cadherin, the classical cadherin
expressed in the vertebrate neural primordium, results in
abnormalities in the epithelial structure of the Xenopus
neural plate, followed by its inability to invaginate (Kintner,
1992). Disruption of the C. elegans classical cadherin, hmr-
1, affects neurulation in this organism (Costa et al., 1998).
The second effect of mat-Gal4/UAS-DE-cadex in neuru-
lating Drosophila embryos concerns the orientation of
mitotic spindles in dividing cells. In wild-type development,
epidermoblasts divide horizontally, whereas neuroblasts
divide vertically. Recent findings by Lu et al. (2001) led
to a model proposing that two different membrane-associ-
ated protein complexes compete for anchoring the mitotic
spindle of neuroectodermal cells. One of these complexes is
defined by the Bazooka protein, which is localized apically
in neuroectodermal cells. As neuroblasts delaminate, they
inherit localized Bazooka, which in turn localizes the
Inscuteable protein complex to the apical neuroblast pole
(reviewed by Jan and Jan, 2001). In epidermoblasts, the
CCC, localized at the zonula adherens, acts as second
spindle anchoring center that pulls the mitotic spindle into
a horizontal position. In the wild-type ectoderm, the CCC
overrides the effect of Bazooka, so that mitotic spindles are
always horizontal. Loss of the zonula adherens, induced by
removing the apical membrane protein Crumbs, results in
epidermoblasts with vertical mitotic spindles. As one might
expect, the same phenotype is observed after eliminating the
function of DE-cadherin, as done in this study by expression
of DE-cadex. Mitotic spindles in the surface layer are
randomized, with vertical spindles occurring as frequently
as horizontal spindles, a finding that nicely confirms the
model by Lu et al. (2001). The control of mitotic spindle
orientation by the CCC has also recently reported for the
sense organ precursor cells that divide during the pupa
phase to give rise to the mechanosensory bristles of the
notum (Le Borgne et al., 2002).
We were surprised in not seeing a higher proportion of
neuroblasts formed from the neuroectoderm of mat-Gal4/
UAS-DE-cadex embryos, considering the assumption that
removing the zonula adherens should have an effect on N/Dl
interactions. Because both N and Dl are concentrated at the
apical cell pole (Fehon et al., 1991; Kooh et al., 1993), one
might expect that neuroectodermal cells that are in the
process of losing the zonula adherens (or have even lost it
before the proneural clusters express Dl) should exhibit lessefficient N–Dl interactions, resulting in a reduction in
lateral inhibition and overproduction of neuroblasts. Since
this does not occur, one can conclude that N–Dl interactions
are very robust (the same amount of Dl binding to N takes
place even when the zonula adherens is weak or absent),
and/or the transmission of the N signal inside neuroecto-
dermal cells is regulated in such a way that even in the
situation where less N is activated by Dl (as to be expected
in the neuroectoderm of mat-Gal4/UAS-DE-cadex embryos),
the ‘‘read-out’’ of this signal is normal.Acknowledgments
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